Aims. We investigate the spot activity of the young chromospherically active main sequence star LQ Hya. Our aims are to identify possible active longitudes, estimate the differential rotation and study long and short term changes in the activity. Methods. Our analysis is based on 24 years of Johnson V-band photometry of LQ Hya obtained with the T3 0.4m Automated Telescope at the Fairborn Observatory. We use the previously published Continuous Period Search (CPS) method to model the evolution of the light curve of LQ Hya. The CPS fits a Fourier series model to short overlapping subsets of data. This enables us to monitor the evolution of the light curve and thus the spot configuration of the star with a higher time resolution. Results. We find seasonal variability in the mean level and amplitude of the light curve of LQ Hya. The variability of the light curve amplitude seems not to be cyclic, but the long-term variations in the mean magnitude could be explained by an approximately 13 year cycle. However, because of the limited length of the observed time series, it is not yet possible to determine whether this structure really is periodic and represents an activity cycle. Based on fluctuations of the light curve period, we estimate the differential rotation of the star to be small, and the star is potentially very close to a rigid rotator. We search for active longitudes from the inferred epochs of the light curve minima. We find that on time scales up to six months there are typically one or two relatively stable active areas on the star with limited phase migration. On the other hand, on time scales longer than one year, no stable active longitudes have been present except for the period between 2003 and 2009 and possibly also some time before 1995. Neither do we find any signs of flip-flops with a regular period. The mean time scale of change of the light curve during the observation period is determined to be of the same order of magnitude as the predicted convective turnover time for the star.
Introduction
LQ Hya (HD 82558) is a young single chromospherically active star (V = 7.8, B − V = 0.9, K2V) classified as a BY Dra star by Fekel et al. (1986b) . Its strong activity is clearly evident from the substantial Ca HK emission, log R ′ HK = −4.06 (White et al. 2007) , placing it confidently within the "very active" regime defined by Henry et al. (1996) .
It was suggested by Fekel et al. (1986a) that the star is a very young object which has recently arrived at the zero-age mainsequence. Montes et al. (2001) classified it as a member of the young disc population following the definition of Eggen (1984b Eggen ( , 1989 . Recently Nakajima & Morino (2012) identified the star as a possible member of the IC 2391 supercluster thus estimating its age to be 35-55 Myrs (Montes et al. 2001) .
The magnetic activity of LQ Hya is strongly manifested as starspots causing rotational modulation of brightness (Eggen 1984a) . The rotation period of the star can be measured from this modulation. Previously the rotation period of LQ Hya has been estimated as P = 1.601136 ± 0.000013 d by Jetsu (1993) , P = 1.601052 ± 0.000014 d by Berdyugina et al. (2002) and P = 1.60066 ± 0.00013 d by Kővári et al. (2004) . Some variability of the observable photometric rotation period is expected, ⋆ The analysed photometry and numerical results of the analysis are both published electronically at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/yyy/Axxx however. This can be caused by the spots moving with different angular velocities governed by the underlying surface differential rotation or large scale magnetic field. Also changes in the light curve shape governed by active regions growing and decaying at different locations on the stellar surface can cause period variations unrelated to the spot movements.
The differential rotation of LQ Hya is found by many authors to be small. Jetsu (1993) analysed the fluctuations of the photometric period of LQ Hya within 3σ limits and reported the relative scale of them to be Z ≈ 0.015. This value can be interpreted as the relative scale of rotation periods of the observed starspots. Provided that the spots trace the surface rotation of the star and that there have been spots on all stellar latitudes from the equator to the poles, it thus gives an estimate for the differential rotation coefficient k, i.e. indicating k ≈ 0.015. You (2007) used a similar approach to estimate the differential rotation of the star from the light curve period fluctuations and derived the value k ≈ 0.025. Both of these values are also similar to the theoretical estimate k = 0.0128 obtained for LQ Hya by Kitchatinov & Olemskoy (2011) using a mean field hydrodynamical model.
Even smaller differential rotation values were reported by Berdyugina et al. (2002) and Kővári et al. (2004) who both used Doppler images of LQ Hya in conjunction with photometry in their analyses. Berdyugina et al. (2002) compared photometric periods of LQ Hya to Doppler images corresponding to the same epoch of time to infer the latitude of the main spot. Using this approach they retrieved a differential rotation coefficient of k ≈ 0.002. Kővári et al. (2004) used cross correlation between adjacent Doppler images to estimate the differential rotation and reported k = 0.0057.
Many authors have reported signs of cyclic behaviour in the spot activity of LQ Hya. Jetsu (1993) found a 6.24 yr cycle in the mean brightness of the star using light curve fits for 9 years of photometric observations. Oláh et al. (2000) applied a Fourier analysis to 16 years of photometry and found cycle periods of both 6.8 yr and 11.4 yr in the mean brightness. Based on light curve inversions from 20 years of photometry, Berdyugina et al. (2002) reported a 15 yr cycle for the mean brightness, a 7.7 yr cycle for the light curve amplitude modulation and a 5.2 yr flipflop cycle. They also identified a 1:2:3 resonance between the cycle frequencies. Kővári et al. (2004) used Fourier analysis to search for cycles in the light curve mean brightness from 8 years of photometry and found a possible cycle of 13.8 yr along with its first harmonic 6.9 yr and also weak signs for a 3.7 yr cycle.
In addition to Berdyugina et al. (2002) , also Jetsu (1993) reported active longitudes for LQ Hya. The nature of the active longitudes was, however, quite different. Where Berdyugina et al. (2002) reported two active longitudes with ∆φ = 0.5 phase separation, Jetsu (1993) claimed the phase separation between the active longitudes to be only ∆φ = 0.25.
Doppler images of LQ Hya have been reconstructed by Strassmeier et al. (1993) , Rice & Strassmeier (1998) , Donati (1999) , Donati et al. (2003) and Kővári et al. (2004) . They typically show spotted areas at mid latitudes relatively far from the visible pole. From time to time, there have been longitudinal concentrations of spots in these maps, but no clear pattern of stable active longitudes. Occasionally the surface reconstructions have shown a complete latitudinal band of spots encircling the star. On the other hand, reconstructions of the surface magnetic field using Zeeman Doppler imaging (Donati 1999; Donati et al. 2003) have sometimes shown opposite magnetic polarities on different sides of the visible pole. This may indicate at least an occasional presence of active longitude like features on the star.
Analysis of the data
The photometry of LQ Hya was obtained over a 24 year time span between HJD = 2447141 (11 December 1987) and HJD = 2455684 (3 May 2011) with the T3 0.4 m Automatic Photoelectric Telescope (APT) at the Fairborn Observatory in Arizona. The complete dataset analysed in this paper consists of 2671 Johnson V-band observations of LQ Hya minus the comparison star HD 82477 (V = 6.13, B − V = 1.19). To monitor the constancy of the comparison star, 2272 additional simultaneous V-band observations of the check star HD 82428 (V = 6.14, B − V = 0.24) were obtained.
The typical error of the target star photometry is estimated to be between 0.003 and 0.004 magnitudes from observations of constant stars (Henry 1995) . The errors of the check star observations are expected to be somewhat larger as fewer individual integrations have been used to determine their values. For a brief description of the operation of the APT and reduction of the data, see Fekel & Henry (2005) and references therein.
Our Johnson V band LQ Hya minus comp star and check star minus comp star differential magnitudes are presented in the top and bottom panels of Fig. 1 , respectively. LQ Hya shows significant variability on night-to-night (rotational), year-to-year (spot lifetime), and decadal (magnetic cycle) time scales. The check star observations, plotted on the same scale as the LQ Hya observations show no evidence for variability on any time scale in either the comp star or the check star. The somewhat larger The photometry of LQ Hya was analysed using the Continuous Period Search (hereafter CPS) method (Lehtinen et al. 2011) . The method models the photometry in short subsets of the data using a low Kth order Fourier series. This modelling provides estimates for the mean differential magnitude M, peak-to-peak amplitude A and period P of the light curve, as well as epochs for the primary and a possible secondary minimum t min,1 and t min,2 . To allow for variability in the model complexity, the CPS performs fits using Fourier series of orders K = 0 . . . 2. The model order K = 0 corresponds to a simple constant brightness model and describes the absence of any intrinsic variability in the light curve. For each dataset, the Bayesian information criterion is applied to determine the best modelling order (Lehtinen et al. 2011, Eq. 6 ).
The period search was done within a ±5% interval around the a priori period estimate P 0 . The search was limited to this interval because of the risk for interference with spurious periods. In line with the previous results from LQ Hya we chose the value of P 0 = 1.6 d. The upper limit for length of the individual analysed datasets was set at ∆T max = 30.4 d, which is 19 times the length of P 0 . To get good time resolution for the evolution of the light curve parameters [M, A, P, t min,1 , t min,2 ], the datasets overlap with each other so that a new dataset was selected after 1 d from the start of the last one. Only datasets containing n ≥ 12 observations were included in the analysis. The mean of the residuals of all the model fits is ǫ = 0.009.
Results
The CPS automatically divides the data into segments consisting of mutually overlapping datasets. In addition to this, it cleans the data by removing outliers and temporally isolated data points (see Lehtinen et al. 2011) . The segment division for the data of LQ Hya is summarised in the first and last analysed data point in each segment, the lengths of the segments in days, as well as the numbers of all analysed datasets and independent datasets in the segments. The provisional segment SEG 5 is lacking from the listing because it did not contain enough data for modelling, i.e. it contained only some isolated data points. Overall, the data from the first few years is fragmentary, resulting in some shorter segments.
The mutually independent datasets were selected from all datasets so that they do not overlap with each other. Using the complete set of analysed datasets gives a detailed view into the time evolution of the light curve. On the other hand, using only the independent datasets removes any effects introduced by mutual correlations between the models of partially overlapping datasets.
The numerical results for all of the 1077 analysed datasets can be accessed electronically at the CDS. Light curve fits for the 111 independent datasets are presented in Fig. 2 . Observations in the datasets having a minimum epoch t min,1 and period P have been folded to phases φ = FRAC[(t − t min,1 )/P], where FRAC [x] removes the integer part of x. To track the migration pattern of the primary minima, the phases have been shifted with the phase of the primary minimum φ al computed using the ephemeris of Eq. 3, and an additional phase shift of φ shift = 0.5, to make the minima more apparent. The ephemeris of Eq. 3 is defined later in Sect. 3.3 in the context of active longitudes.
Long term variability of M, A and P
The long term evolution of the light curve mean M, amplitude A and period P are presented in Fig. 3 . We find both regular trends and random fluctuations from these light curve parameters during the last 24 years of observations. The regular variations are most striking in the light curve mean M which naturally follows the overall variation of the raw photometry (Fig. 1) . The trend in the M variations resembles what may turn out to be a regular activity cycle. There was a brightness minimum at 1989 and again around 2002. Between these two minima the mean brightness of the star increased with an amplitude of nearly 0.1 mag. After the 2002 minimum the mean brightness has climbed steadily towards a new maximum.
The variations in M could be explained with an activity cycle of approximately 13 years. However, the total length of observations only includes what seems to be one and a half cycles, so conclusively proving the existence of such a cycle, let alone accurately determining its length, remains unfeasible. Such considerations are rendered even harder due to the fact that the profiles of these two apparently separate cycles in M are quite different. What may appear as cyclic behaviour in the light of the available data may turn out to be random variability in the future and vice versa.
The light curve amplitude A has varied between 0.00 and 0.24 mag. The short-term variations are quite regular, but do not show any suggestive signs of cyclic behaviour. In particular, cor- relation between the independent M and A estimates is absent with the linear Pearson correlation coefficient being r = 0.10. When the amplitude is at its lowest, the data is best described by a constant brightness model. This indicates that occasionally the light curve of LQ Hya reduces to such low amplitudes that the periodic variability is buried under the random observational errors and systematic errors introduced by the model. Physically this means a nearly total absence of spots or alternatively an axisymmetric spot distribution. On the other hand, the maximum values of A above 0.2 mag are a substantial indication of strongly concentrated spot activity.
The variability of the light curve period P seems to consist of random fluctuations. These could be caused by starspots randomly occurring on different latitudes having different rotation periods and thus tracing differential rotation. Alternatively they may be caused by changes in the light curve shape as some active regions decay and others form at different longitudes. Following the assumption that the random fluctuations are caused by differential rotation, they are used to give an estimate for the differential rotation of LQ Hya in Sect. 3.2.
Differential rotation
An estimate for the differential rotation of LQ Hya was obtained from period fluctuations using the formula (Jetsu 1993 )
where
P,i are the weights, P w = w i P i / w i is the weighted mean and ∆P w = w i (P i − P w ) 2 / w i is the weighted standard deviation. The parameter Z measures the relative variability of the light curve period within its ±3σ limits.
When estimating differential rotation from photometric period fluctuations, the range of period fluctuations is often equated directly with the differential rotation coefficient k. This can generally not be assumed. The period fluctuations can provide information of the rotation period only from that latitude range of the stellar surface on which the spot activity occurs. As this range might be quite limited, we do not expect the photospheric period fluctuations to correspond to the total range of photospheric rotation periods present on the star. However, in the absence of any knowledge about the true latitude range of the spot activity, we may expect k to be of the order of Z or somewhat greater.
For LQ Hya we get P w ± ∆P w = 1.6043 ± 0.0052 d, corresponding to k ≈ Z = 0.020 or ∆Ω ≈ 0.078 rad/d. This is in line with previous estimates, especially those by Jetsu (1993) and You (2007) , who estimated the differential rotation in a similar manner.
We add a few caveats to the interpretation of the period fluctuations as tracers of differential rotation. First, if the starspots are caused by a large scale dynamo field, it is possible that they do not follow the surface rotation of the star (Korhonen & Elstner 2011) . It is also possible that the small period fluctuations are not caused by starspots having different rotation periods around the star but rather due to starspot growth and decay affecting the light curve shape. Lastly, we note that in datasets that have few data points and a low light curve amplitude there is a certain amount of instability in the period detection (Table 2 in Lehtinen et al. 2011 ).
Minimum phases φ min and active longitudes
The longitudinal distribution of the spots on LQ Hya can be studied using the epochs for the primary and secondary minima t min,1 and t min,2 of the modelled light curve. For any reasonable rota- . Primary (black) and secondary (grey) light curve minimum phases, φ min,1 and φ min,2 , for segments that have n rel ≥ 10 datasets with reliable light curve models. The minimum phases are computed from the primary and secondary light curve minimum epochs, t min,1 and t min,2 , with the median light curve periods P med of each segment and the first primary minimum set at φ = 0.25. None of the secondary minima are considered fully reliable in the sense that they appear in less than 95% of the bootstrap runs performed by the CPS.
tion period estimate P, these can be transformed into light curve minimum phases
where FRAC[x] removes the integer part of x. The minimum phases φ min,1 and φ min,2 for individual segments with n rel ≥ 10 datasets with reliable parameter estimates are presented in Fig. 4 . The phases are folded from the primary and secondary minimum epochs using the median photometric period P med of each segment and placing the first primary minimum of each segment at φ = 0.25. For each segment, time is given starting from the the first analysed data point in the segment as given in Table 1. A recurring pattern between the segments has been the presence of one or two active regions wandering slightly in phase (Fig. 4) . In many segments the two active regions inferred from the light curve minima stayed roughly at the opposite sides of the star resembling long-lived active longitudes. In other segments, such as SEG 14 and SEG 26, there are clear examples of one light curve minimum splitting into two or two minima merging into one as the underlying active regions have moved away or towards each other. At some critical phase separation the two active areas have moved too close to each other to produce separate light curve minima and instead we only observe one merged minimum (Lehtinen et al. 2011, Eq. 12) . In several segments (SEG 3, 10, 15, 16 and 26 ) the main photometric minimum switched from one phase to another. Although occurring only on a short timescale, this may be analogous to the flip-flop behavior discovered in other stars (e.g. Jetsu 1996) .
To examine whether there have been any long lasting active longitudes on LQ Hya, i.e. that the light curve minima have clustered around certain phases, we performed the Kuiper test (Kuiper 1960) for the minimum epochs t min . Our formulation for the test is from Jetsu & Pelt (1996) . This procedure computes the Kuiper periodogram for t min and tests the null hypothesis of uniform (i.e. random) phase distribution. It also determines the critical levels for the most significant periods. Examples of application of this method can be found in Jetsu (1996) and Lehtinen et al. (2011) .
The Kuiper test was performed for all reliable light curve minimum epochs from the independent (i.e. non-overlapping) datasets. This set comprised of 111 primary minimum epochs. Although many of the model fits provided by the CPS contained also secondary minima, none of these were considered reliable in the sense of being present in more than 95% of the bootstrap runs performed by the CPS (Lehtinen et al. 2011) . Consequently none of the secondary minimum epochs t min,2 were included in the Kuiper test.
The most significant period found for the reliable independent minimum epochs was P al = 1.603693 ± 0.000058 d with the critical level Q = 6.1 · 10 −5 . All independent minima, folded into minimum phases φ min with this period, are presented in the top panel of 
Even between the years 2003 and 2009 the active longitude has not remained stable but has moved back and forth within a phase range of ∆φ ≈ 0.2. A secondary active longitude, consisting solely of secondary light curve minima, appears to have been present for some years after 2003 with a phase separation of ∆φ ≈ 0.5 from the primary active longitude. We performed additional Kuiper tests for the light curve minimum epochs to investigate the minimum phase distribution before and after the emergence of the obvious active longitude during 2003. The analysis was done for two samples of independent reliable minimum epoch estimates. The first sample consisted of the 67 independent primary minimum epochs in segments SEG 1 -SEG 17 (i.e. until April 2002), while the second sample contained the remaining 44 independent primary minimum epochs in segments SEG 18 -SEG 26 (i.e. starting from November 2002).
For the latter part of the minimum epochs, the analysis found the period P al,18−26 = 1.60374 ± 0.00013 with the critical level Q = 2.3 · 10 −9 . This corresponds to the same periodicity than P al found for all minima but now with a significantly lower critical level. The minimum phases folded with this period (ephemeris HJD min = 2447201.3 +1.60374E) are shown in the middle panel of Fig. 5 and follow very closely the pattern of the minimum phases folded with the period P al .
For the first part of the minimum epochs the analysis indicated P al,1−17 = 1.68929 ± 0.00008 d to be the most significant periodicity with the critical level Q = 7.7 · 10 −5 . The minimum phases folded with this period (ephemeris HJD min = 2447200.8 + 1.68929E) are presented in the bottom panel of Fig. 5 . This folding brings out some structure for the primary minimum phases during the year 1995 and some time before that. However, the period P al,1−17 is considerably longer than either of the other two active longitude period estimates P al and P al,18−26 or even the highest individual light curve period estimate P max = 1.6297 d. It is thus possible that the period P al,1−17 corresponds rather to a spurious effect than a real active longitude.
The rest of the minimum epochs seem to exhibit no periodic structure at all.
Time scale of change
In addition to determining the light curve parameter estimates, the CPS also determines the time scale of change T C for each individual dataset. This is defined as the time during which each model fit remains an adequate description for the subsequent datasets. As we have demonstrated (Lehtinen et al. 2011) , the value of T C can change dramatically from one dataset to another. A more meaningful value is the mean time scale of change T C , which is just the mean of all T C .
For LQ Hya we get T C = 50.5 d based on the individual T C values of all independent datasets. This is longer than the maximum length of the datasets ∆T max = 30.4 d by a wide margin. In other words, the light curve of LQ Hya typically retains its shape during the whole dataset and our choice for the dataset length is well justified.
As the value of T C estimates the typical time scale associated with the evolution of the spot configuration, it is interesting to check how this compares with the theoretical convective turnover time τ c . Previously, we used the interpolation formula by Ossendrijver (1997) to estimate the convective turnover time for the young solar analogue HD 116956 (Lehtinen et al. 2011 ). This formula is based on the theoretical calculations of Kim & Demarque (1996) . By using the Hipparcos value B − V = 0.933 for LQ Hya (Perryman et al. 1997) , we get τ c = 33.5 d. Similarly as in the case of HD 116956, the values of T C and τ c are of the same order of magnitude, τ c being about 65% of the length of T C .
Conclusions
We have analysed 24 years of Johnson V-band photometry of the chromospherically active star LQ Hya with our recently published CPS method (Lehtinen et al. 2011) . This method models the observed photometry with a variable order Fourier series using a sliding window for choosing the analysed datasets. The modelling provides estimates for the light curve mean differential magnitude M, total light curve amplitude A, photometric period P and primary and secondary light curve minimum epochs t min,1 and t min,2 as functions of time. LQ Hya has displayed regular variability in the M and A estimates. Especially the variability of the mean differential magnitude M resembles a segment from a quasi periodic time series. The variability could be explained with a roughly 13 year spot cycle. This is undoubtably the same structure that is behind the 11.4 yr cycle reported by Oláh et al. (2000) , the 15 yr cycle reported by Berdyugina et al. (2002) and the 13.8 yr cycle suggested by Kővári et al. (2004) . However, our present data only includes one and a half cycles of this suggested activity cycle. This is not enough to conclude whether the mean magnitude variations are indeed periodic.
We estimated the relative scale of photometric period variations within their 3σ limits to be Z = 0.020 for LQ Hya. Assuming that these variations are caused by starspots on different stellar latitudes experiencing differential rotation, we de-rive an estimate k ≈ 0.02 for the differential rotation coefficient or equivalently ∆Ω ≈ 0.078 rad/d for the surface shear. This value indicates an almost rigid rotator and is virtually the same as the estimates by Jetsu (1993) and You (2007) . Alternatively it is possible that the period variations are caused by factors unrelated to surface differential rotation such as active region growth and decay or migration governed by the underlying dynamo field (Korhonen & Elstner 2011) and that the signal from any weak differential rotation gets buried under these. In either case our result conforms to theoretical results which indicate that fast rotating stars should approach rigid rotators (Kitchatinov & Rüdiger 1999) .
On the basis of the light curve minima, which indicate the main spot regions on the star, the typical configuration of the spot activity on LQ Hya seems to be one or two active regions at different longitudes. These active regions seem to be relatively stable in time scales up to six months, although they usually undergo longitudinal migration during that time. Quite often the two active regions have moved so close to each other that we only observe one merged light curve minimum. Thus, the existence of even a third major active region producing a merged light curve minimum with either of the other two regions remains possible.
Contrary to the relatively short term stability of the individual active regions, there have been remarkably little stable structures in the long term phase distribution of the light curve minima. We found one active longitude, with a possible secondary active longitude at ∆φ = 0.5 phase separation from the primary rotating with the period P al = 1.603693 ± 0.000058 d. However, this active longitude has only been present in the data between the years 2003 and 2009. Before this we found one possible structure during 1995 and some time before that rotating with the period P al = 1.68929 ± 0.00008 d. Because this period is so long compared to the other found light curve and active longitude periods, it is entirely possible that it does not correspond to any physical structure on the star. This picture is contrary to Berdyugina et al. (2002) , who report two persistent active longitudes for the total 20 years of their analysed photometry. We find no persistent active longitudes, nor any regular flip-flop events.
We note that P al = 1.603693 d is close to the mean photometric period P w = 1.6043 d and well within the fluctuation of the individual light curve period estimates. In another active star II Peg there were indications that the active longitude rotated faster than the star itself (Hackman et al. 2012; Lindborg et al. 2011) , which could be explained by a dynamo wave propagating in the azimuthal direction (e.g. Krause & Rädler 1980) . There is no indication of such a dynamo wave in LQ Hya.
The mean timescale of change for the light curve of LQ Hya is T C = 50.5 d. This is longer than the maximum length of the individual datasets ∆T max which means that the light curve typically stays stable within the individual datasets. As a comparison, we estimated the convective turnover time to be τ c = 33.5 d using the formula of Ossendrijver (1997) (our Eq. 4). These two values are of the same order of magnitude. Previously we estimated a very similar ratio for these values, i.e. T C = 44.1 d and τ c = 28.5 d, for the young solar analogue HD 116956 (Lehtinen et al. 2011 ). Although it is not clear whether there is an actual connection between the two values or if their ratio is simply governed by the choices made in the numerical procedure, such a result could be expected. After all, the strength of convection in the star is bound to be a strong factor in the evolution of the spot structures on late-type stars.
